Introduction
The vertebrate hemostatic system evolved more than 400 million years ago (MYA) and was established in its basic form in mammals and birds by 200 MYA [1] . Once a system for the transport of nutrients evolved, it would have been inevitable that parasitism of such a system would have arisen as well. This is evident in light of the fact that hematophagous behavior evolved more than 20 times, independently, in arthropods. In insects this happened at least 5 times at the order level ( fig. 1 ). For lice and fleas in which the whole order is blood feeding, or for moths in which all species belong to a single genus (Calyptra) , the monophyletic nature of the ancestral blood-feeding lineage seems to be undisputed. In the case of true bugs and flies, less than 10% of all species feed on blood and these are found in unrelated genera. Independent evolution within these orders and even genera and families thus seems more probable. In true bugs it has been proposed that blood-feeding lifestyles evolved independently within bed bugs and assassin bugs and probably even in the 2 major triatomine genera [2] . Parsimonious arguments would suggest 3 major blood-feeding origins in Diptera; 2 in Brachycera leading to the stable/tsetse and tabanid clades, respectively, and 1 in Nematocera leading to black flies, biting midges, mosquitoes, and sand flies ( fig. 1 ) . However, the possibility that blood-feeding behavior evolved more than 10 times within Diptera has been considered [3, 4] .
In arachnids, blood feeding evolved solely in mites ( fig. 2 ). Parsimonious arguments would support a monophyletic origin for blood-feeding behavior. However, analogous to true bugs and flies, less than 10% of all mites feed on blood, and hematophagous lifestyles are found in diverse lineages that include Astigmata and Prostigmata (Mesostigmata and Ixodida). It has been proposed that blood-feeding behavior evolved on numerous occasions in Trombidiformes (Astigmata) and Dermanyssina (Mesostigmata) [5] [6] [7] . Even though all ticks ( ϳ 900 species) are obligate blood feeders, differences in their blood-feeding biology and salivary gland repertoires suggest an independent evolution of hematophagous lifestyles for argasid (soft) and ixodid (hard) ticks [8] [9] [10] [11] .
Time of Origin for the Evolution of Blood-Feeding Lifestyles
In insects, blood-feeding lifestyles evolved predominantly in the Late Jurassic-Early Cretaceous (200-150 MYA) for fleas, lice, cimicid bugs, and nematoceran flies or in the Tertiary ( ! 65 MYA) for some of the brachyceran flies and moths [3] . The accurate estimates for the evolution of blood-feeding lifestyles in insects are mostly due to the excellent fossil records that exist. In the case of mites, fossil records for Astigmata (limited representatives of blood feeders) are abundant and indicate that mites originated almost 400 MYA. However, the oldest fossils described for the dominant blood-feeding lineages (Prostigmata) are less than ϳ 100 million years old. Opin- Fig. 1 . Evolution of blood feeding in insects. Red branches indicate blood-feeding lineages. Closed circles indicate independent evolution of blood feeding in a lineage, while open circles indicate possible parsimonious origins for blood feeding in multiple lineages. Numbers next to scientific names refer to the total number of species, while numbers next to common names refer to the number of species that are blood feeding [3] . Species for which sialomes have been described are boxed.
ions on the origins of blood-feeding behavior in Prostigmata (specifically ticks) range from 400 to 100 MYA with little hope of a consensus being reached in the near future [12] . However, it is tempting to speculate that the same factors that allowed insects to evolve blood-feeding behavior over a relatively narrow time range also played a role in the evolution of blood-feeding behavior in mites. This would place the origins of ticks within the Late Jurassic-Early Cretaceous.
Sialomes as Models of Blood-Feeding Evolution
Irrespective of the time of origin of the evolution of blood-feeding lifestyles in arthropods, it occurred well after the vertebrate hemostatic system had evolved into its current form [1] . As such, all prospective blood feeders had to face the same host defense mechanisms against foreign invasion and blood loss, which includes the immune and hemostatic systems, extensively reviewed recently [13] ( fig. 3 ). Primary interaction with the host occurred at the blood-feeding or host-vector interface, where the blood meal was acquired and the host's defenses negated. In all cases, the blood-feeding arthropod modulated the hosts' defense mechanisms by the secretion of a molecular cocktail of bioactive components in their saliva that targeted both hemostatic and immune systems [13, 14] . The study of salivary gland-derived components that are secreted during feeding (sialome, from sialo or saliva) can thus serve as a model for the understanding of the evolution of bloodfeeding behavior in arthropods. A comparative study of all sialomes leads to a description of the sialoverse and a global understanding of the common mechanisms [91] , mites [5, 92] , and ticks [93, 94] are indicated. Red branches indicate blood-feeding lineages. Numbers in brackets indicate the number of species for arachnids, mites [6] , and ticks [94] . Species for which sialomes have been described are boxed. evolved by arthropods to obtain a blood meal. The current study aims to draw generalizations for the evolution of blood-feeding behavior in arthropods based on a description of the sialoverse.
Research on Sialomes
Studies of arthropod-derived components that modulate the defense mechanisms of the host have been conducted for more than a century. Sabbatani [15] hypothesized that all blood-feeding arthropods should possess antihemostatics to counteract host defenses and showed the presence of anti-clotting activity in whole body extracts of the hard tick, Ixodes ricinus . Subsequently, anticlotting functions were identified in the salivary gland extracts or saliva of various arthropods, establishing their role at the vector-host interface [16, 17] . The biochemical purification and functional characterization of salivary gland components, as well as descriptions at the molecular level, provided in-depth knowledge of their functional and structural mechanisms of action and how this integrated into the modulation of host defenses [18] [19] [20] . Even so, our knowledge was rudimentary in regard to obtaining insights that would allow us to derive generalizations with regard to common denominators in the evolution of hematophagous behavior in arthropods. The only generalization of note derived during this period was that of the tripod of hemostasis that stated that a blood-feeding arthropod would have at least 1 anticlotting, antiplatelet, and vasoconstrictor in its salivary pharmacopeia [19] .
The use of high-throughput technologies (synthesis and sequencing of salivary gland cDNA libraries coupled with proteomic analysis) has shown that a representative description of sialomes can be obtained with a good correlation between transcript numbers and protein expression levels [8, . This has changed the study of vectorhost interactions from a largely descriptive and anecdotal field to an analytical and systematic endeavor with the promise of providing a comprehensive description of the sialomes of all of the major blood-feeding genera in the near future. In this regard, 41 sialomes have been described to date ( fig. 1 , 2 ), and more sialomes will certainly follow as model vectors for specific diseases are investigated.
Estimates on the Accuracy of Sialome Descriptions
The salivary glands of most blood-feeding arthropods (insects and soft ticks) are simple organs where proteins are synthesized and stored in granules until secretion during feeding. Feeding normally occurs rapidly, within minutes or hours. After feeding, these glands are rapidly replenished with protein that is stored till the next feeding event. The sialomes obtained from these glands are relatively small, with perhaps 100-200 secretory proteins per sialome [8, . The majority of transcripts (50-90% of all sequences in the cDNA libraries) found possess signal peptides indicative of their secretory nature, while the most abundant transcripts also correlate with highly abundant salivary gland proteins as determined by proteomics. The construction of accurate protein and protein family catalogs depends on the level of sequencing coverage, so that only a few thousand clones need to be sequenced to get an adequate representation of salivary gland complexity. Comparative sialomics is thus feasible, especially when coupled to biochemical confirmation of function.
Hard tick salivary glands undergo extensive development associated with the feeding process that lasts for several days [65, 66] . The secretion of salivary gland content is more 'constitutive' compared to the bolus released in the short feeding period of insects or soft ticks leading to overall low levels of protein. This is further complicated by the cosecretion of nonsalivary gland-derived host protein [67] . The detection of proteins by proteomics is more problematic than that by the fast feeders [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . The expression levels of the house-keeping proteins involved in cellular metabolism and secretory proteins fluctuate significantly during the feeding period due to differential expression. Transcript numbers thus correlate poorly with the abundance of secretory proteins [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . High numbers of potential secretory proteins ( 1 500) have also been detected in the salivary glands of hard ticks [56] . To gain a representative view of sialome diversity in hard ticks, a much larger sequencing effort is thus required.
Generalizations Derived from Sialomes for the Evolution of Blood-Feeding Behavior
The field of sialomics will face its own problems and pitfalls in the future as the descriptions of sialomes increase and diversity within sialomes become apparent. As such, comparative sialomics should derive insights into the evolution of salivary gland secretory protein family repertoires and their functions. This requires the comprehensive description of protein family members which allows the identification and description of multigene families and the influence that gene duplication has on sialome diversity and evolution of function. The accurate assignment of proteins to families and the annotation of function associated with individual family members allow for the linkage of particular functions to specific protein families. While this would seem trivial to most computational biologists involved in genome annotation, the sheer diversity of unknown protein folds and the paralogous and divergent protein family members encountered makes sialome description and annotation quite challenging. This is largely due to the facts that adaptation to a blood-feeding lifestyle occurred independently across various arthropod lineages, that pressure from the hosts' immune and hemostatic systems certainly played a role in the formation of existing sialomes, that gene loss and the subsequent evolution of similar functions is a stochastic process, that high substitution rates are encountered for most salivary gland secretory protein folds, and that convergence of function occurred multiple times. These factors are discussed as generalizations derived for the evolution of blood-feeding behavior in arthropods.
Different Lineages Have Unique Salivary Gland Protein Repertoires
Different phylogenetic lineages possess their own unique repertoires of protein families and folds indicative of the independent adaptation of different arthropods to a blood-feeding environment ( fig. 4 ) . This implies that different lineages have diverged and adapted to nonhematophagous lifestyles before the evolution of bloodfeeding behavior. Ancestral lifestyles include being nonhematophagous parasites (mesostigmatid mites), plant feeders (mosquitoes, flies, and moths), predators (reduviid bugs and mesostigmatid mites), and scavengers (ticks and various fly families) [3, 6, 7, 68, 69] . These lifestyles predisposed them to hematophagy by association with the vertebrate host, as a parasite or as a commensal habitant of the hosts' nest or burrow, or via adaptations that allowed host finding and feeding. Salivary gland protein repertoires were therefore specialized for specific lifestyles. Nonhematophagous parasites might possess antimicrobial and immunosuppressive molecules. Plant feeders could have enzymes involved in sugar metabolism, the digestion of lipids and proteins, and protease inhibition [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] 70] . Predators would have digestive enzymes and toxins [71] , while scavengers might have proteases, antimicrobials, and protease inhibitors [10] . When bloodfeeding lifestyles were evolved, the ancestral lineage would utilize the set of protein domains found in their salivary glands at that time for the evolution of a new function. This could explain the lineage-specific expansion observed for protein families in specific lineages. This generalization also implies that novel protein repertoires can be expected for those lineages for which no sialome has yet been described, such as lice, moths, tabanid and hippoboscid flies, and the majority of bloodfeeding mites (excluding ticks).
Similar Protein Family Repertoires Are Found in the Sialomes of Closely Related Lineages (Even if No Orthologous or Conserved Functional Relationships Exist)
In many instances the same protein families are found in closely related lineages even if evidence suggests the independent evolution of blood-feeding lifestyles. The D7 protein family is found in biting midges, black flies, mosquitoes, and sand flies . The major protein family in Triatoma and Rhodnius are the lipocalins ( 1 80% of all salivary gland proteins) [23] [24] [25] [26] . The abundant protein families in hard and soft ticks are the BPTIKunitz, BTSP, lipocalin, and metalloprotease families [8, [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] .
However, functions important in vector-host interactions are not orthologous between closely related lineages and do not even belong to the same protein family [10, 13] . If protein family members have similar functions, no definite orthologous relationships can be inferred using phylogenetic analysis [8, 13, 72] . Even if closely related lineages possess the same protein families, members in different lineages will not have similar functions.
For example, all triatomines possess lipocalins, but only nitrophorins from Rhodnius prolixus possess the conserved proximal histidine residue involved in the binding of the heme group that allows them to function as nitric oxide carriers [24, 73] . In bed bugs, the inositol polyphosphate 5 -phosphatase family evolved to bind heme and carry nitric oxide [74] . Sialomes of triatomines also possess this family, which functions in a more canonical manner [75] . D7 proteins from mosquitoes belong to the odorant-binding protein family but possess an eighth ␣ -helix involved in the scavenging of biogenic amines [76] . This helix is absent from the D7 proteins from biting midges and black and sand flies, implying that they will not possess a biogenic amine-binding function 77] .
Biogenic amine-binding evolved in lipocalins from hard and soft ticks, but significant differences exist in binding mechanisms, suggesting a level of independent evolution [78] . Phylogenetic analysis also suggests that lipocalins that bind thromboxane A2 and leukotrienes in hard and soft ticks are not orthologous [79] [80] [81] . Kunitz-BPTI proteins target different host enzymes and receptors in hard and soft ticks [10, 82] . In a remarkable example of convergent evolution, BPTI thrombin inhibitors, ornithodorin from the soft tick Ornithodoros moubata, and boophilin from the hard tick Rhipicephalus microplus , show superficial similarities in binding mechanisms but differ significantly at the molecular level upon closer examination [82, 83] .
While these examples are by nature anecdotal, they serve the purpose of making specific examples of a wider generalization which would hold true for most of the protein families found in the sialomes. This does not mean that no orthologous protein family members exist in different lineages. Examples are the 5 -nucleotidase apyrases, defensins, lysozymes, and metalloproteases ( fig. 4 ) . These proteins, however, perform generalized functions that would have been present in the ancestral nonhematophagous lineages. Rather than evolving novel functions in response to the blood-feeding environment, these proteins were coopted (exaptation) for their new roles. Even so, this probably happened on multiple occasions in different lineages. Closely related lineages thus shared similar protein repertoires before their adaptation to a bloodfeeding environment. The evolution of novel functions associated with blood-feeding occurred, however, after speciation by the utilization of the same common building blocks (protein family repertoires).
It has been argued that gene losses (with subsequent reevolution of functions), switches in vertebrate hosts after extinction (e.g. from dinosaurs to birds or mammals), and immune pressure (high evolutionary rates observed for some families and reevolution of function in novel folds) can account for the differences observed in sialomes from closely or distantly related lineages [13, 14, 72] . While these factors could certainly have a limited effect on sialome diversity, it does not explain why closely related lineages, considered to have evolved blood-feeding behavior from a common ancestor (in most cases more than 100 MYA), possess numerous orthologs with conserved functions important in the regulation of the immune and hemostatic systems [72, 83, 84] .
The Same Protein Families Are Prone to Expansion in Closely Related Lineages
Gene duplication of different protein families (lineage-specific expansions) occurred in all blood-feeding lineages. Lipocalins expanded in assassin bugs and ticks [8, [23] [24] [25] [26] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . Tsetse flies show a predominance of the endonuclease family [27, 28] . Expansion of the acid phosphatase and FS1 antigen families occurred in fleas [21] . The odorant-binding/D7 family expanded in bed bugs, mosquitoes, sand flies, and biting midges . A significant expansion of the nitrophorin/inositol polyphosphate 5 phosphatase family also occurred in bed bugs [22] .
Functions involved in the regulation of the hosts' hemostatic and immune systems evolved in these families [10, 14, 71, 72] . In most cases the expanded families code for the proteins with the highest transcript levels and most abundant protein levels in the salivary glands. Gene duplication is an effective way to increase the concentrations of proteins involved in functions where high concentrations are necessary, such as the scavenging of bioactive ligands such as ADP, biogenic amines, and eicosanoids [73] . Abundantly expressed proteins would also be ideal for the evolution of novel functions that require high concentrations. Gene duplication and subfunction-alization could thus become a self-propelling mechanism that generates diversity in sialomes. Expansion of highly expressed salivary gland protein families could also indicate that the evolution of a novel function is influenced more by the current available protein family repertoire than the exaptation and recruitment of other genes from the existing genome for expression in the salivary glands. This might be linked to the salivary glands' unique role in blood-feeding as a storage and delivery organ of vector-derived proteins to the external environment.
Different Blood-Feeding Lineages Target the Same Host Defense Mechanisms
Different blood-feeding lineages evolved mechanisms that target common host defenses [10, 14, 71, 72] . Three primary mechanisms of modulation are found in all blood-feeding arthropods and include the secretion of enzymes capable of degrading agonists or remodeling the feeding site ( fig. 3 ). An example is apyrase, found in most blood feeders that inhibit platelet aggregation and inflammation by hydrolyzing ATP and ADP [13] . This function was exapted for at least 3 different protein folds involved in nucleotide metabolism, namely the cimex apyrase, the CD39, and the 5 -nucleotidase families. The latter family was recruited multiple times in independent lineages. Inhibitors that bind either to enzymes involved in the regulation of hemostasis and inflammation or to receptors involved in signaling and platelet aggregation are secreted. These are normally small, disulphide-rich peptides that target tissue factor, fXa, or thrombin from the blood coagulation cascade or bind to the fibrinogen receptor on platelets [13] . Kratagonists scavenge agonists and lower their effective concentrations at the feeding site, thereby negating their effects. Agonists include ADP, ATP, histamine, serotonin, epinephrine, norepinephrine, leukotrienes, and thromboxane A 2 that are involved in platelet aggregation, inflammation, itch and pain responses [13] . This indicates that these are central defense mechanisms of the vertebrate host that evolved and were maintained in diverse vertebrates such as amphibians, mammals, birds, and reptiles. A checklist of antihemostatic and anti-inflammatory mechanisms can thus be composed for potential blood-feeding organisms. This convergence of function correlates with those protein families that show lineage-specific expansions. The constraints imposed by the host's defenses thus lead to common functions in various lineages which, however, depend on the protein family repertoires present in their sialomes. The protein folds from various families will determine whether they are enzymes that target host molecules and proteins (enzymes might normally be exapted), or inhibitors of various enzymes and receptors (smaller proteins are more prone to this), or scavengers of biomolecules (such as D7 and lipocalins). Of interest is the fact that in most sialomes described, more than 60% of all proteins have no assigned function. If the generalization that common host defenses have led to a convergent evolution of function and mechanism in blood feeders holds true, it would imply that our current understanding of vertebrate hemostasis and immunity could still be profoundly altered.
The Sialomes of Blood-Sucking Arthropods: A Case of Coevolution?
While the salivary pharmacopeia of blood-feeding arthropods certainly are of adaptive value, the question arises as to how much their host's hemostatic and inflammatory systems changed as a function of invertebrate pressure. One hallmark of coevolution is the phenotypic exuberance displayed in particular traits of the 2 coevolving organisms. When one appreciates the amount of histamine stored in a mast cell on the one hand, and that the thickest gel bands in the blood feeder's saliva are histamine kratagonists on the other hand, one is tempted to characterize those phenotypes as interrelated. In most cases, the highly abundant biogenic amines have indeed been shown to be the immunodominant allergens found in arthropod saliva [85] [86] [87] . Several differences in vertebrate innate immunity and hemostasis could be a product of such coevolution. For example, some mammals have mainly serotonin in their platelets, but others have a mixture of serotonin and histamine [86] . The same occurs in mast cells, which mostly contain histamine, but some animals (such as the rat and humans) have as much serotonin as histamine [87, 88] . Another difference between rodents is that guinea pigs have a large amount of circulating basophils, in contrast with mice, and perhaps for this reason guinea pigs are extremely resistant to tick infestations, which are fought in these animals with a strong basophil infiltrate [89, 90] . Did these vertebrate differences evolve due to internal physiological differences among vertebrates, or are they signatures of a coevolutionary arms race between vertebrates and their ancestral and current micro-predators and vectors of disease? In the same vein, have vertebrates during this arms race overstepped the bounds of control, thereby creating the inflammatory diseases exhibited by vertebrate physiology?
Conclusion
The tale of the evolution of blood-feeding behavior at the vector-host interface does not concern the universal processes considered to be conserved throughout the kingdom of life. It is rather a story about adaptation at the edges of life, where each organism finds its own unique solutions to similar environmental challenges posed by the same niche, in this case the vertebrate blood-feeding interface. Remarkably, but perhaps not surprisingly, this story centers on the convergence of function in the face of the host's hemostatic and immune defenses. While this story certainly expounds and emphasizes the diversity found in the sialomes of blood-feeding arthropods, it stands as a testament to the important role that the immune and hemostatic systems of the vertebrate host played in the evolution of hematophagy in arthropods and, perhaps, the role that blood-feeding arthropods played in shaping vertebrate hemostatic and inflammatory pathways.
